We characterized the architecture, fiber type, titin isoform distribution, and collagen content of 27 portions of 22 muscles in the murine forelimb. The mouse forelimb was different from the human arm in that it had the extensor digitorum lateralis muscle and no brachioradialis muscle. Architecturally, the mouse forelimb differed from humans with regard to load bearing, having a much larger contribution from extensors than flexors. In mice, the extensor : flexor PCSA ratio is 2.7, whereas in humans it is only 1.4. When the architectural difference index was calculated, similarities became especially apparent between flexors and extensors of the distal forelimb, as well as pronators. Discriminant analysis revealed that biochemical measures of collagen, titin, and myosin heavy chain were all strong between-species discriminators. In terms of composition, when compared with similar muscles in humans, mice had, on average, faster muscles with higher collagen content and larger titin isoforms. This report establishes the anatomical and biochemical properties of mouse forelimb muscles. Given the prevalence of this species in biological studies, these data will be invaluable for studying the biological basis of mouse muscle structure and function.
Introduction
Advances in human medical science often come from information gained through the use of animal models. To assess the strengths and weaknesses of animal data properly and to understand its significance, it is important to have a firm understanding of the unique features of an animal model and how those features relate to humans. For more than a century, functional morphologists have investigated the comparative anatomy of a variety of animals (Wood, 1867) . The majority of studies in this field have performed bony anatomy comparisons across species. Studies on the comparative anatomy of muscle are less common and, recently, comparative muscles studies have identified notable differences between humans and other animals in areas such as the hand (Diogo et al. 2009 ). Recent studies of muscle in animals such as the dog or rat, (Sola et al. 1990; Eng et al. 2008) or comparisons of a single muscle across species (Guintard & Cossu, 2003) have suggested critical differences between humans and other mammals. Differences in gait between quadrupedal mammals and bipedal humans (Alexander, 2002; Steudel, 1996) may be related to many of these differences.
Because, now more than ever, human preclinical studies rely heavily on data from mouse models, it is useful to have comparative information regarding the composition and architecture of mouse muscle. While previous studies characterized a few individual mouse muscles (Hegarty & Hooper, 1971; Burkholder et al. 1994; Chleboun et al. 1997; Goulding et al. 1997) or determined a limited number of properties of an array of mouse muscles (Carry et al. 1993 ), a more complete understanding of architecture, fiber type, and composition for a wide array of muscles is beneficial. Tools such as MRI offer noninvasive ways to quantify certain aspects of small mouse muscles (Heemskerk et al. 2005 ) but these methods lack the fundamental data such as sarcomere length and serial sarcomere number. Thus, using MRI, there is no way to know if long fascicle lengths represent stretched sarcomeres from short fibers or if they actually represent a long string of sarcomeres. Additionally, biochemical composition data are still critical for accurate interpretation of new technologies. To date, no comprehensive study of the mouse forelimb has been undertaken to characterize its basic architectural and biochemical properties. Based on differences in size, mode of locomotion (quadrupedal vs. bipedal) (Clarke & Still, 1999; Winter, 1989) and the ability to manipulate using the digits, it is likely that significant differences would be present between the species. Muscles of a quadrupedal forelimb would be expected to be specialized for weight-bearing, since they would be critical in stabilization and force production during gait (Elftman, 1944; Macpherson, 1988; Johnson et al. 2008) , whereas muscles of a biped might be expected to be adapted for manipulative capabilities (Dietz & Michel, 2009) .
The purpose of this study was to compare the architectural and biochemical characteristics of the muscles of the mouse upper extremity to those of the human in order to draw conclusions about our ability to apply lessons learned from mouse models to our understanding of human disease. Based on the differences in locomotion and use of the limbs between species, we hypothesized that significant differences in architecture and biochemistry would be present between mouse and human forearms. Therefore, we characterized 27 portions of the 22 muscles of the mouse forelimb by measuring their architectural properties and determining their fiber type composition, collagen content, and titin isoforms.
Materials and methods

Tissue collection
All procedures were performed with approval of the University of California Animal Care and Use Committee. Six skeletally and sexually mature (Kilborn et al. 2002 ) male C57BL/6 mice (Mus musculus; Harlan Scientific, Indianapolis, IN, USA) between the ages of 8 and 11 weeks were euthanized by CO 2 inhalation followed by cervical dislocation, and the right and left forelimbs were removed. One limb from each mouse was pinned to a corkboard at a 90°elbow angle and fixed in 10% buffered formalin solution for 72 h. The sample was then placed in phosphate-buffered saline (PBS) for washing and storage until dissection. The contralateral limb from each mouse was immediately placed in cold mammalian Ringer's solution for further dissection. Muscles from that limb were dissected immediately and snap-frozen in liquid nitrogen (À196°C). All fresh tissue dissection was completed within 4 h of euthanasia. Muscles were then maintained at À80°C for storage until fiber analysis.
Architecture
Under a dissection microscope, individual muscles and their tendons were carefully dissected and placed in PBS for storage. Muscle identification was performed using a small animal anatomy text (Popesko et al. 1992 ) and previously published paper (Carry et al. 1993) , along with guidance from two experienced hand surgeons. Twenty-two distinct muscles were found in the mouse forelimb, which corresponds to the human arm and forearm. Of these muscles, three had multiple heads, which were each dissected separately, yielding a total of 27 individually dissected muscles. These were: abductor pollicis longus (APL), anconeus (Ancon), biceps brachii-long head (Bic L), biceps brachii-short head (Bic S), brachialis (Brach), coracobrachialis (Coraco), dorso-epitrochlearis brachii (DEB), extensor carpi radialis brevis (ECRB), extensor carpi radialis longus (ECRL), extensor carpi ulnaris (ECU), extensor digiti quarti (EDQuart), extensor digiti quinti (EDQuint), extensor digitorum communis (EDC), extensor digitorum lateralis (EDL), extensor indicis proprius (EIP), flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), flexor digitorum profundus-radial head (FDP R), flexor digitorum profundus-superficial head (FDP S), flexor digitorum profundusulnar head (FDP U), flexor digitorum superficialis (FDS), palmaris longus (PL), pronator quadratus (PQ), pronator teres (PT), triceps brachii-lateral head (Tri Lat), triceps brachii-long head (Tri Long), triceps brachii-medial head (Tri Med).
Using digital calipers under the microscope (accuracy, 0.01 mm), raw muscle length ðL 0 m Þ, defined as the origin of the most proximal fibers to the insertion of the most distal fibers, was measured, and individual fibers were teased out to determine raw fiber length ðL 0 f Þ. Muscles were gently blotted dry for mass measurement. Surface pennation angle was measured from enlarged muscle images using freely available software (IMAGEJ; U. S. National Institutes of Health, Bethesda, MD, USA). This computerized tool was chosen since direct measurement with a standard goniometer was deemed inaccurate due to the small size of these muscles. Tendon-to-tendon bundles were dissected from the muscle body and placed in weak sulfuric acid solution (15% v/v) for 30 min to weaken surrounding connective tissue and thus facilitate dissection. Small bundles of 10-20 individual fibers were then removed and placed on a glass slide for laser diffraction sarcomere length measurement. Raw sarcomere length ðL 0 s Þ was calculated using the first to first-order laser diffraction pattern as previously described (Lieber et al. 1984) . Serial sarcomere number (S n ) and normalized fiber length (L f ) were calculated using the following formulas:
where the value of 2.4 is optimal mouse sarcomere length based on the muscle length-tension relationship previously demonstrated (Hegarty & Hooper, 1971; Edman, 2005) . This normalization method has been validated experimentally in mice (Felder et al. 2005 ).
To calculate an accurate physiological cross-sectional area (PCSA), the following formula was used (Powell et al. 1984) :
where M is muscle mass (in grams), h represents the average pennation angle of the muscle, and q is the density of muscle (1.056 g cm
À3
) , and (L f ) is the normalized fiber length calculated above.
architectural parameters that were the best discriminators were chosen for inclusion: fiber length, PCSA, muscle length, fiber length to muscle length ratio and muscle mass. The ADI equation previously developed:
was used, where P i,k and P j,k indicate the k th discriminating parameter for muscles i and j, respectively, and P max,k and P min,k are the maximum and minimum values for that parameter across the whole dataset. n is the number of total discriminating parameters (in this case, n = 5).
Myosin heavy chain and titin molecular weight determination
Muscle fiber type was estimated using myosin heavy chain composition as previously described (Talmadge and Roy, 1993) . Snap-frozen muscles (n = 3 for each of 27 muscles) were weighed, crushed, and placed in sample buffer at a concentration of 125 lg mL
À1
. Samples were loaded into SDS-PAGE gels, with 4% acrylamide stacking and 8% acrylamide resolving portions, and run at 4°C at 10 mA constant current for 1 h followed by 275 V constant voltage for 16-22 h. The gels were trimmed and stained according to the BioRad Silver Stain Plus kit protocol (Bio-Rad, Hercules, CA), and bands were identified and quantified using densitometry (Quantity One; Bio-Rad).
Titin molecular weight was quantified using SDS-VAGE (Warren et al. 2003) . A protein lysate was prepared as for fiber-type determination (n = 3 for each of 27 muscles) and loaded into 1% agarose gels held in place within the gel apparatus with a small 12.8% acrylamide plug. Gels were run at 15 mA for 5 h at 4°C. Gels were stained according to the BioRad Silver Stain Plus kit protocol, and bands were identified and quantified using densitometry (Quantity One; Bio-Rad).
Collagen content measurement
Collagen content was determined using the hydroxyproline assay, which measures the content of hydroxyproline in a muscle sample (Stegemann and Stalder, 1967) . Briefly, individual mouse muscles (n = 3 for each of 27 muscles) were placed in glass test tubes, immersed in six normal hydrochloric acid (HCl), and left to hydrolyze at 110°C overnight. After tubes had cooled, methyl red was added to the tubes and the pH was adjusted using a series of sodium hydroxide and HCl additions in decreasing concentrations. Chloramine T solution was added to the tubes followed by p-diaminobenzaldehyde and tubes were incubated at 60°C for 30 min. Samples were read at 550 and 558 nm and hydroxyproline concentrations were calculated based on the obtained standard curve. The measured value was converted to collagen concentration using the number of hydroxyproline residues in each collagen molecule (7.46).
Human data
Human data used for comparative purposes were obtained from previous studies (Lieber et al. 1990 Murray et al. 2000; Tirrell et al. 2012 ).
Statistical analysis
The statistics software SPSS was used for all statistical analyses. For flexor and extensor sarcomere length comparison, a two-tailed Student's t-test was performed with P < 0.05 set as the threshold for significance. One-way analysis of variance (ANOVA) was performed and post hoc comparisons were made with the Bonferroni multiple test correction with significance defined as P < 0.05. Discriminant analysis was performed in SPSS using normalized values for PCSA, mass, fiber length, and muscle length. None of the biochemical measures or pennation angle and fiber length to muscle length ratio was normalized.
Results
Mouse anatomy and architecture
A total of 162 muscles (27 muscles per mouse 9 six mice) were studied, with 54 muscles from the proximal forelimb and 108 from the portion distal to the elbow joint. Analysis of the mouse forelimb musculature showed several fundamental differences compared with humans. The mouse has an extensor digitorum lateralis (Fig. 1A) , which is located next to the extensor digitorum communis and serves a similar function; an extensor digiti quarti (Fig. 1A) , which is located near the extensor digiti quinti and extends the forth digit; and a dorsal epitrochlearis brachii (DEB) ( Fig. 1C) , which is a thin sheet of muscle that overlies the long head of the triceps. The DEB can actually be found in up to 17% of humans, but it is not a commonly recognized human muscle (Tubbs et al. 2006 ) and its functional significance is not clearly understood. In addition, the mouse is missing a brachioradialis muscle and has neither first digit flexors nor extensors (Fig. 1A,B) , since the first digit appears to be a mainly vestigial, non-articulating appendage. The insertion site of the mouse biceps brachii varies between animals, with some inserting on the ulna, some on the radius, and some inserting on both. Of the muscles studied, the triceps brachii long head (Fig. 1C) was the clear architectural outlier with a mass and a PCSA that were an order of magnitude larger than any other muscle. Among the other muscles, all parameters were within the same range (Table 1) .
To infer muscle function, it is useful to consider fiber length and PCSA (Fig. 2) since muscles with long fibers, which can contract quickly over a longer distance, are specialized for excursion whereas muscles with a large PCSA, and therefore many muscle fibers in parallel, are specialized for force production. Based on these data, muscles such as the FDS, FDP U and FCU would be expected to produce large forces with smaller excursions and slower contraction speeds, whereas the DEB, ECRL and ECRB all have comparatively higher excursion potential with their longer fibers and smaller PCSA. The Tri Long, an outlier on the graph, has both long fibers and a very large PCSA. In general, flexors of both the proximal and distal forelimb appear adapted for large force production, and extensors appear adapted for smaller force production but slightly greater excursion.
Collagen concentration
Mouse muscle collagen concentrations ranged from 11.4 lg mg À1 in the largest muscle (Tri Long) to 47.8 lg mg À1 in the small ulnar head of the FDP (Fig. 3) .
Although there appears to be a trend toward larger muscles having less collagen, the correlation between muscle mass and collagen content was insignificant (P > 0.1, b = 0.84). There was a significant difference between collagen concentration of the distal forelimb (corresponding to the forearm) and the proximal forelimb (P < 0.001) but con- centration differences between flexors and extensors or digital muscles and wrist muscles were not significant (P > 0.4).
Myosin heavy chain
Myosin heavy chain type 2B, the fastest isoform, dominated the mouse MHC profile. The combination of types 2X and 2B made up~85% of the total myosin in the mouse forelimb. Myosin type 2A was detected in all muscles but the ECRL and the lateral head of the triceps (Fig. 4) . Myosin type 1 was detected in only 12 of the muscles studied, and it constituted < 6% in each of these muscles. Overall, these data demonstrate that mouse muscle is very 'fast', as it is predominately composed of the fastest MHC isoforms.
Titin composition
All mouse titin isoforms ranged from 3350 to 3750 kDa (Fig. 5) , which was similar to values reported in previous studies of mouse leg muscles (Ottenheijm et al. 2009 ) and similar to the range reported for rabbit muscle (Prado et al. 2005) . Titin isoform size was not statistically significantly different (P > 0.25, b = 0.89) among muscles groups when they were classified as distal forelimb extensors or flexors or proximal forelimb flexors or extensors. Distal forelimb flexor titin isoforms showed a slight trend toward being longer than those of other groups, but post hoc testing Fig. 2 Mouse PCSA vs. normalized fiber length (to a sarcomere length of 2.4 lm) plotted to illustrate relative muscle forces and excursions. Tri Long is an outlier in PCSA, so the vertical axis has been broken to allow other muscles to be clearly viewed. Data are plotted as mean ± SEM (n = 6). Fig. 4 Myosin heavy chain isoform percentages of mouse forelimb muscles. Data are plotted as mean ± SEM (n = 3).
with Bonferroni corrections showed that the trend was not significant (P > 0.5).
Discussion
The purpose of this study was to determine the extent to which the basic anatomy of the mouse forelimb is similar to that of the human arm and to define its biochemical composition. The distal forelimb muscles that correspond to human forearm muscles are in similar locations and appear to have similar functions. Using previously collected human data (Lieber et al. 1990; Lieber & Brown, 1992; Murray et al. 2000) , we compared mouse data with that of humans. When functional indicators such as the PCSA vs. fiber length graph shown previously are used, similarities between mouse distal forelimbs and human forearms become apparent. We created a graph of normalized human and mouse PCSA and fiber length (Fig. 6 ) in which the muscles of the distal and proximal forelimb of each species were normalized to the other muscles in that group (i.e. distal forelimb muscles from each species were normalized using the average of all distal forelimb muscles for that species) to facilitate comparison. It is clear from the plot that, although not identical, distal forelimb extensors muscles are functionally similar between the two species. Proximal forelimb muscles and several of the distal flexors, on the other hand, show drastic differences between the two species. These dissimilarities are not surprising considering differences in locomotion between the two species. The function of the proximal forelimb, especially, varies considerably between a bipedal and quadrupedal creature (Miller, 1932) . Digital flexors of humans appear to be more specialized for excursion than those of mice, which might be expected of a creature requiring dexterous finger movements. Digital flexors of mice, as compared with those of humans, on the other hand, appear adapted for force production, as might be expected in a species that primarily uses its forelimb for weight-bearing (Hamrick, 1996; Clarke & Still, 1999; Courtine et al. 2007 ).
To compare quantitatively between different species' muscles, the architectural difference index (ADI) was calculated (Lieber & Brown, 1992) . This number combines calculated differences between five selected architectural variables (L fn , L mn , mass, PCSA, and L fn : L mn ratio) to create a single number that allows normalization of muscles so that they can be compared across groups and species. The ADI (Fig. 7) shows more than a fivefold difference between the most and least similar muscles of the two species. High similarity, (defined in this study as an ADI < 0.5) was seen in the ECRL, FCR, PL, EDC, EIP, PQ, and PT. An ADI > 2, as seen in the muscles of the triceps, indicates a large difference A B Fig. 6 Plot of PCSA vs. fiber length for the distal (A) and proximal forelimb muscles (B) of the human and mouse. Data for each species have been normalized to the average of all muscles of that species on the graph (distal normalized to distal muscles and proximal to proximal). A (c) after a muscle name indicates that it is the combined value of all heads of the muscle. Human data were obtained from previously published values. (Lieber et al. 1990 Murray et al. 2000) .
between muscles. All muscles of the distal forelimb besides the digital flexors had an ADI < 1, suggesting similarity to humans.
There are distinct muscular differences between the human and mouse forelimb. Since the mouse first digit is small and does not appear to be jointed, first digit muscles found in the human that allow flexion and extension are unnecessary in the mouse. The only first digit muscle found in the mouse forelimb was the APL, which appears to contribute to movement of the whole paw. Another important human muscle, the brachioradialis, is not present in the mouse. The ECRL and ECRB muscle bellies are shifted anteriorly compared with humans, but they still extend the wrist and attach to the paw in a location corresponding to their location in the human hand. In the proximal portion of the forelimb, the long head of the mouse triceps contributes a much greater percentage of mass than human triceps do. Because both biceps and triceps contribute to weight-bearing and stabilization in quadrupeds such as mice (Williams et al. 2008 , Fuentes et al. 1998 ), but only biceps serve an antigravity function in humans (Monster et al. 1978) , it is not surprising that the mouse triceps was larger and adapted more for force-production compared with the human triceps. Since the long head of the triceps crosses both the elbow and shoulder joint, it contributes even more significantly to quadrupedal locomotion than the other heads of the triceps. Many adaptations, such as the lack of first digit muscles in the mouse, are likely due to this difference in forelimb specialization: weight-bearing in mice and manipulation in humans.
At the biochemical level, mouse muscles are dissimilar from human muscles (Fig. 8) . Mouse muscles have a completely different myosin heavy chain (MHC) distribution, and therefore a different fiber type distribution, compared to human muscles (Tirrell et al. 2012) (Fig. 8A) . Compared with human data, mice had about a third as much type IIA myosin and nearly twice as much type IIX as humans (Tirrell et al. 2012 ). Type IIB MHC, which is the major component of the mouse muscles studied, is not expressed in human muscles (Smerdu et al. 1994) . Because this major component of mouse myosin is the fastest myosin isoform, and because type IIX is also fast, mouse muscles would be expected to be much faster contracting compared with human muscles. Previous studies suggest that smaller mammals have faster muscles in general, with mouse muscle V max ranging from 6 to 20.6 L s À1 and human V max from 0.35 to 3.68 L s À1 (Medler, 2002; Pellegrino et al. 2003) . A small, short-limbed mammal would have to take more rapid strides to maintain the same speed as a larger mammal with longer limbs (Heglund & Taylor, 1988) , as in the case of a mouse escaping a predator. Because of this, a fiber type distribution shifted toward myosin isoforms with higher shortening velocity makes evolutionary and functional sense. Whereas the slowest isoform, type I myosin, is almost completely absent in mouse forelimb muscles, human muscles express high levels of myosin isoform I (Happak et al. 1988; Tirrell et al. 2012 ).
The mouse titin isoforms are in the same size range as published figures for human titin, 3300-3700 kDa (Maruyama, 1997) ( Fig. 8C) but mouse values were found to be, on average,~180 kDa smaller. Titin molecular weights were more different from those of humans in the proximal portion of the forelimb than in the distal (Tirrell et al. 2012) .
The average collagen concentration in the mouse forelimb muscles, 25.4 lg mg
À1
, is double that of human muscles (Fig. 8B ) from a similar set of arm muscles recently measured from cadaveric specimens (Tirrell et al. 2012) . It has been noted previously that smaller mammals store less elastic energy in their tendons (Biewener et al. 1981; Pollock & Shadwick, 1994) and it is possible that the increased collagen seen in the mouse muscles serves a compensatory role, allowing greater muscle tissue elastic energy storage despite small muscle forces preventing large stores in tendons. In the mouse muscles tested here, smaller muscles tended to have higher collagen concentrations. There is a possibility that this was due to the very small size of the muscle samples, some of which weighed < 1 mg, and the associated difficulty of completely removing all tendon. It is also possible that the surface area to volume ratio of these small muscles was such that the surrounding connective tissue made a much larger contribution than it would in a large muscle.
Overall, this study shows several significant anatomical differences between mouse and human forelimb, and warns against the use of proximal forelimb muscles for accurate architectural representations of human arm muscles. Some mouse muscles may still provide good representations of human muscles; for example, pronators, digital extensors, and select wrist muscles show high overall architectural similarity to their human counterparts both with regard to excursion vs. force production and ADI. However, digital flexors and all muscles of the proximal forelimb show little similarity to those of humans. Obviously, some muscles of great interest in human disorders, such as the brachioradialis, cannot be modeled in mice, since they are absent. At the biochemical level, mouse muscles show much less similarity to their human counterparts than they do architecturally. In view of the many differences between mouse and human muscles, it is clear that care must be taken when choosing acceptable mouse muscles for studies of corresponding human disease.
